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ABSTRACIr
To initiate structural studies of the ADPglucose pyrophosphorylase from spinach an improved purification procedure was devised. The modified purification scheme allowed the isolation of 20 to 30 milligrams pure enzyme from 10 kilogram of spinach leaves. Electrophoresis of the purified enzyme confirmed an earlier study which showed that the enzyme was putatively composed of two subunits (Copeland L, J Preiss 1981 Plant Physiol 68: 996-1001). The two subunits migrate as 51 and 54 kilodalton proteins upon sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Both proteins can be detected on Western blots of leaf homogenates prepared under denaturing conditions suggesting that both subunits exist in vivo. Anion-exchange chromatography in the presence of urea allowed resolution of the 51 and 54 kilodalton proteins. They possess different N-terminal amino acid sequences and tryptic peptide maps. Western blot analysis reveals that the 51 and 54 kilodalton proteins are antigenicaily dissimilar. The 51 but not the 54 kilodalton protein is immunologically related to the ADPglucose pyrophosphorylase from maize endosperm and potato tuber.
ADPglucose pyrophosphorylase (ATP:a-glucose-l-P adenyltransferase, EC 2.2.7.27) plays a key role in the regulation of synthesis ofstarch in plants (5, 17, 19) and ofglycogen in bacteria (16) . The enzyme catalyzes the synthesis of the glucosyl donor, ADPglucose, and pyrophosphate from glucose 1-P and ATP (19, 20) . Both plant and bacterial ADPglucose pyrophosphorylases are subject to allosteric regulation (15, 16) and the kinetic and physical properties of these enzymes have been reviewed (15, 16) . All plant ADPglucose pyrophosphorylases investigated are activated by 3PGA3 and inhibited by Pi (5, [14] [15] [16] 23) . Evidence accumulated from intact leaf systems supports the postulation that the ratio of [3PGA] to [Pi] regulates the activity of ADPglucose pyrophosphorylase in vivo (8, 18) . In spinach leaves the enzymes is located exclusively in the chloroplast (13) .
In bacterial systems, the ADPglucose pyrophosphorylases of Escherichia coli and Salmonella typhimurium are homotetramers which have native and subunit mol wt of 200,000 and 48,000, respectively (16) . In higher plants, the (14, 23) .
The subunit composition of the enzyme in photosynthetic tissues has not been resolved. Spinach leaf ADPglucose pyrophosphorylase has been purified to apparent homogeneity and has a native mol wt of 206,000 (4) . However, SDS-PAGE of the pure enzyme revealed the presence of two polypeptides with mol wt of 51,000 and 54,000 (erroneously reported as 44,000 and 48,000) and these polypeptides stained with Coomassie blue with about equal intensity (4) . It was suggested that either there was proteolytic degradation of the 54 kD protein yielding the 51 kD protein, or that the enzyme is composed of two different types of subunits (4) . Both proteins appear to be widely distributed in plants, as Western blots of both wheat and rice leaf extracts probed with antibodies raised against the purified spinach leaf preparation show immunoreactive bands co-migrating with the spinach 54 and 51 kD proteins (9) . In this paper, we show that the two polypeptides from the spinach leaf enzyme can be distinguished on the basis of their N-terminal sequences, tryptic peptide mapping patterns, and immunological reactivity with polyclonal antibodies raised against the spinach and potato tuber enzymes.
EXPERIMENTAL PROCEDURES
Materials. Spinach leaves were obtained from local supermarkets. Rabbit anti-spinach leaf ADPglucose pyrophosphorylase serum was prepared as previously described (14) . Mouse (NH4)2 SO4 Fractionation. Solid (NH4)2SO4 was added to 30% saturation and after standing for 30 min, the preparation was centrifuged at 16,000g for 10 min, and the pellets discarded. Further (NH4)2SO4 was added to 60% saturation and after standing for 30 min the precipitated material was collected by centrifugation at 16,000g for 10 min. The combined pellets were dissolved in 500 ml of 20 mm Tris-succinate buffer (pH 7.2) containing 1 mM EDTA, 1 mM GSH, and 20% (w/v) sucrose. The preparation was dialyzed against three changes of 10 L of this buffer.
PVP Treatment. The dialyzed preparation was percolated through a 1 L column of insoluble polyvinyl pyrrolidine that had been equilibrated in dialysis buffer. The column was eluted with dialysis buffer, and the first liter to elute was discarded. The next 1.5 L of wash contained the enzyme activity.
DEAE-Cellulose Chromatography. The eluate was loaded onto a 1.7 L DE-52 column equilibrated with 10 mM Pi buffer (pH 7.4) containing 20% (w/v) sucrose. The column was eluted with a linear gradient prepared from 6 L of 10 mM Pi buffer (pH 7.4) containing 20% sucrose in the mixing chamber, and 6 L of 50 mM Pi (pH 6) containing 20% (w/v) sucrose and 300 mM NaCl in the reservoir. Fractions of 390 ml were collected, and those containing activity were pooled and concentrated to about 100 ml in an Amicon apparatus using a PM 10 membrane. The concentrated fraction was dialyzed against 4 L of 50 mM Hepes buffer (pH 7) containing 20% (w/v) sucrose, 1 mM EDTA, and 30 mM Pi.
Mono Q Chromatography. The dialyzed DEAE-cellulose fraction was divided into five aliquots, each containing about 150 mg protein in 25 ml. Aliquots were applied to a Mono Q HR 10/10 column equilibrated with 20 mM bis-tris-propane buffer (pH 7.0), containing 5 mM Pi, 1 mM EDTA, and 10% (w/v) sucrose (buffer A). The column was washed with 4 ml buffer A and eluted with a 90 ml linear KCI gradient (100-400 mM) in buffer A. Fractions containing activity were pooled and dialyzed against 4 L of 50 mM Hepes buffer (pH 7), containing 20% (w/v) sucrose, 1 mm EDTA and 30 mM Pi.
Ethyl Agarose Chromatography. The dialyzed Mono Q fraction was adjusted to 1 mm Pi by the addition of 2.5 M Pi (pH 7). This preparation was adsorbed onto a 28 ml column of ethyl agarose equilibrated with 1 M Pi (pH 7). The column was washed with 200 ml of 1 M Pi buffer (pH 7), followed by 160 ml of 0.9 M Pi buffer (pH 7). The column was eluted with 100 ml 0.2 M Pi buffer (pH 7). Fractions containing activity were analyzed by SDS-PAGE and those containing essentially pure enzyme were pooled and dialyzed against 2 L of 50 mm Hepes buffer (pH 7) containing 20% (w/v) sucrose, 1 mm EDTA, and 30 mm Pi.
Polyacrylamide Gel Electrophoresis. SDS-PAGE was performed in 10% gels according to Laemmli (10) . Native electrophoresis was conducted using the same system, except that SDS was omitted from all buffers, and the gel concentration was 7.5%. Two-dimensional gel electrophoresis was according to the method of O'Farrell (12) . Crude extracts for two-dimensional electrophoresis were prepared by grinding 0.5 g of spinach leaves in 1 ml of buffer containing 9.5 M urea, 2.5% (w/v) NP-40, 2% (v/v) Pharmalytes (pH 3-10), and 5% (v/v) 2-mercaptoethanol using a mortar and pestle.
Western Blotting. Proteins were electroblotted from SDS-PAGE gels to nitrocellulose filters essentially as described by Burnette (2) Antibody Production. After collection ofpreimmune sera, New Zealand rabbits were immunized with either the isolated 54 or 51 kD protein in complete Freund's adjuvant. Initially, antigen (0.30 mg) was injected interdermally at multiple sites on the backs of New Zealand rabbits. Further antigen (0.25-0.50 mg) was injected at 3, 6, and 10 weeks after the initial immunization. Antisera was collected from the ear and stored at -200C. Neu- tralization of enzyme activity was tested as described (14) .
RESULTS
Purification of Spinach Leaf ADPglucose Pyrophosphorylase. Copeland and Preiss (4) first reported a procedure for the purification of spinach leaf ADPglucose pyrophosphorylase to homogeneity; however, the amounts of enzyme obtained were insufficient for structural studies. A revised procedure for the purification of spinach leaf ADPglucose pyrophosphorylase has been developed and the results are summarized in Table I . The advantages ofthe procedure are that between 20 and 30 mg of enzyme, of greater than 90% purity, can be prepared from 10 kg of spinach leaves with an overall yield of 30%. The initial steps in the purification were carried out essentially as described (4) . However, after DEAE-cellulose chromatography rapid and facile purification of the enzyme in high yield is achieved by anionexchange chromatography on a Mono Q column using an FPLC system, followed by hydrophobic chromatography on ethyl-agarose.
Gel Electrophoresis. A previous investigation (4) showed that native gel electrophoresis of a purified spinach leaf ADPglucose pyrophosphorylase preparation gave a single band of protein comigrating with enzyme activity in 5 and 7% gels. Upon SDS-PAGE this enzyme preparation yielded two protein bands, staining with approximately equal intensity, of 54 and 51 kD (erroneously reported to be 48 and 44 kD, respectively) (4). These results have been confirmed for spinach leaf ADPglucose pyrophosphorylase purified using the procedure reported here ( lanes  1 and 2, Fig. 1 ). The single protein band present following native gel electrophoresis was excised, equilibrated with SDS (3), and run in a 10% SDS-PAGE system. Both the 54 and 51 kD proteins were resolved and stained with about equal intensity with Coomassie blue (data not shown).
Antibodies raised previously against purified spinach leafpreparations (14) have been used to probe Western blots of spinach leafcrude extracts (lane 3, Fig. 1) (9) . Interpretation ofsuch blots is difficult because the 54 kD protein comigrates with the large subunit of RUBISCO, and RUBISCO cross-reacts to a small extent with the anti-spinach leafADPglucose pyrophosphorylase serum (1 1). Immunoreaction of both the 54 and 51 kD proteins is seen with the purified enzyme (lane 4, Fig. 1 ).
Two-dimensional gel electrophoresis according to the method ofO'Farrell (12) has been used to resolve the 54 kD protein from the large subunit of RUBISCO in crude homogenates. The SDS-PAGE second dimension was electroblotted and reacted with anti-spinach leaf ADPglucose pyrophosphorylase antisera (Fig.  2) (Fig. 3) .
N-Terminal Sequence Analysis. N-Terminal sequence analysis shows that the two proteins have differing N-terminal sequences (Fig. 4) . The N-terminal sequences do not show any homology with E. coli ADPglucose pyrophosphorylase (7) . The sequence data also eliminates the possibility that the 54 kD protein repre- (pH 3-10) , and 5% (v/v) ,-mercaptoethanol using a mortar and pestle. The homogenate was centrifuged at 12,000g for 5 min. An aliquot of the supernatant (120 ug) was electrophoresed in a two-dimensional gel system as described by O'Farrell (12) . The Aliquots (200 Mg) of each protein were treated with trypsin and applied to a C18 reverse phase column. Peptides were eluted using a 0 to 60% gradient of solvent A (0.1% TFA) and solvent B (0.075% TFA in acetonitrile) as described in "Materials and Methods." tryptic digests show that the 54 and 51 kD proteins gave very different peptide patterns (Fig. 5 ). There were few major peptides which eluted with similar retention times in both digests.
Immunological Characterization. In Western blotting experiments antiserum directed against the spinach ADPglucose pyrophosphorylase reveals one immunoreactive protein of 54 kD when used against the enzyme isolated from maize endosperm (Fig. 6, lane 1) . As expected, both the 54 and 51 kD polypeptides from the spinach enzyme are reactive (Fig. 6, lane 2 (Fig. 6, lane 4) 
